Recent studies have shown that insulin growth factor-1 (IGF-1) and either erythropoietin (EPO) or the long-acting EPO analog Darbepoetin alfa (DA) protect the heart against ischemia/reperfusion (I/R) and myocardial infarction (MI). The present study examined the cardioprotective effect of simultaneous treatments with IGF-1 and DA in these models of cardiac injury. Rats were subjected to I/R or MI and were treated with IGF-1, DA, and a combination of IGF-1 and DA, or vehicle treatment. IGF-1 and DA treatments imparted similar protective effect by reducing infarct size. Moreover, these treatments led to improvement of cardiac function after I/R or MI compared to vehicle. In the reperfused heart, apoptosis was reduced with either or both IGF-1 and DA treatments as measured by reduced TUNEL staining and caspase-3 activity. In addition, after MI, treatment with IGF-1 or DA significantly induced angiogenesis. This angiogenic effect was enhanced significantly when IGF-1 and DA were given simultaneously compared to vehicle or either agents alone. These data indicate simultaneous pharmacological treatments with IGF-1 and DA protect the heart against I/R and MI injuries. This protection results in reduced infarct size and improved cardiac function. Moreover, this treatment reduces apoptosis and enhances angiogenesis in the ischemic heart.
Introduction
Cardiovascular disease represents the leading cause of mortality in developed countries. Ischemic heart disease contributes to this health concern and outcomes in congestive heart failure have not improved. 1 Cardioprotection during ischemia and reperfusion is a target of investigation for the development of innovative protective therapies to limit the death of heart cells. 2 An approach that could be used clinically is the protection of ischemic and/or reperfused heart cells against death. 2 Of importance, limiting infarct size after myocardial infarction may prevent or delay ventricular dysfunction and thus decrease the future occurrence of chronic heart failure. Therapy before, during, or after ischemia, and during reperfusion with pharmacological compounds has been shown to be beneficial. 2 Two of these compounds, erythropoietin (EPO) and insulin-like growth factor 1 (IGF-1) are growth factors that, when administered during the course of myocardial infarction and ischemiareperfusion (I/R), result in such protection. 2, 3 EPO, a hematopoietic cytokine primarily synthesized in kidney peritubular cells, has physiologic effects mediated through its interaction with its specific cellular receptor (EPO-R). 4 EPO is synthesized in a variety of other tissues, including liver, peripheral endothelial cells, vascular smooth muscle cells, and cardiomyocytes, 5 and its receptor has also been located in those cells. [6] [7] [8] [9] Recombinant human EPO (rhEPO) administration is protective in various organs under ischemia or other types of injuries. [10] [11] [12] [13] [14] [15] In the cardiovascular system, EPO (through the binding to the EPO-R) is reported to induce endothelial cell proliferation and angiogenesis. 16, 17 Moreover, rhEPO has been shown to exert marked myocardial protective effects against I/R injury in rats, rabbits, and dogs when administrated at early time points. [18] [19] [20] Darbepoetin alfa (DA), a unique analog of EPO with 3-fold longer plasma half-life that binds to the same receptor, 21 has also been shown to be cardioprotective in various models of myocardial infarction and I/R. [22] [23] [24] [25] Studies from our lab as well as others have shown reduced left ventricular (LV) infarct size, enhanced recovery of LV function, reduced apoptotic cell death, and activated the salvage proteins phosphoinositide-3 kinase (PI3K) and Akt. 19, 20, 22, 26, 27 These protective effects of EPO and DA have all been demonstrated to be independent of a rise in hematocrit.
Insulin-like growth factor-1 (IGF-1) is a single-chain polypeptide that is structurally related to proinsulin (reviewed in Ref. 28 ). Its effects are mediated mainly by binding the IGF-1 receptor located on cell surfaces. 29 This receptor is also widely expressed in various tissues, including the heart. 30 IGF-1 represents another molecule that has been shown to be cardioprotective in vitro [31] [32] [33] and in vivo. [34] [35] [36] [37] These studies have demonstrated reduction in infarct size as well as myocardial apoptosis mediated by the PI3K-Akt intracellular signaling pathway.
Conversely, limited information is available regarding simultaneous pharmacological therapy with these two growth factors in settings of I/R and myocardial infarction. Concurrent administration of two different pharmacological compounds could impart synergistic cardioprotection and lead to further additive beneficial effects compared to either therapy alone. Thus, we examined the cardioprotective effects of DA and IGF-1, either as therapy alone or in combination, on the rat heart in (1) an I/R model and (2) a permanent coronary occlusion (ischemia) model. Our results show that either therapy alone displays robust myocardial protection after ischemic injury.
Methods

Experimental groups and protocol
Experiments were carried out according to National Institutes of Health Guidelines on the Use of Laboratory Animals and all procedures were approved by the Thomas Jefferson University Committee on Animal Care. Male Sprague-Dawley rats (200-250 g) were randomly assigned to the following groups: sham, vehicle (saline), insulin-like growth factor-1 at 1 μg/kg (IGF-1; Sigma), darbepoetin alfa at 30 μg/kg (DA; Amgen, Thousand Oaks, CA, USA) or a combination of IGF-1 and DA at the initiation of ischemia intravenously (i.v.; via tail vein). Pharmacological dosages were chosen in accordance with pilot study data and those obtained in a previously described study. 22 For the permanent coronary occlusion (MI) protocol, rats were randomly assigned to the following groups: sham, vehicle (saline), IGF-1 at 1 μg/kg, DA at 20 μg/kg, or a combination of IGF-1 and DA at the initiation of ischemia (i.v.), and a weekly intraperitoneal (i.p.) treatment was given to rats with the following doses: IGF-1 at 1 μg/kg and DA at 10 μg/kg. For the I/R protocol, rats were reperfused for 72 hours. For the MI protocol, rats were kept for 4 weeks.
In vivo ischemia-reperfusion (I/R) and permanent coronary occlusion (MI)
For the I/R model, surgical procedures were performed as previously described. 22 Animals were anesthetized with 2% isoflurane inhalation. A skin incision was made over the left thorax and the pectoral muscles were retracted to expose the ribs. The heart was exposed and exteriorized through a left thoracotomy at the level of the fifth intercostal space. A slipknot was made around the left anterior descending coronary artery (LAD) 2-3 mm from its origin with a 6-0 silk suture. After the slip knot was tied, the heart was immediately placed back into the intrathoracic space followed by manual evacuation of pneumothoraces and closure of muscle and the skin suture by means of the previously placed purse-string suture. Sham-operated animals were subjected to the same surgical procedures except that the suture was passed under the LAD but was not tied. Animals recovered from anesthesia within 5 minutes after the completion of surgery and received appropriate postsurgery analgesia. Following 30 minutes of ischemia, the slipknot was released and the myocardium was reperfused. For the MI model, rats were subjected to the same surgical procedure but the suture was tied permanently and no reperfusion was induced.
In vivo echocardiographic measurements
We assessed in vivo cardiac function following 4 weeks of permanent coronary occlusion via echocardiographic measurements (Vevo 770, VisualSonics, Toronto, Canada). Rats were anesthetized with 2% isoflurane and the fractional shortening and ejection fraction were measured as previously described. 38 
In vivo hemodynamic measurements
We assessed in vivo cardiac hemodynamic function following either 72 hours of reperfusion (I/R protocol) or 4 weeks of ischemia (MI protocol). Rats were anesthetized with 2% isoflurane and the right common carotid artery was cannulated and advanced retrograde into the left ventricule (LV) with a 2.0 French micromanometer (Millar Instruments, Houston, TX, USA). 22, 38, 39 LV pressure, LV end-diastolic pressure (LVEDP), and heart rate (HR) were measured by this catheter advanced into the LV cavity, and data were recorded and analyzed on a PowerLab System (AD Instruments Pty Ltd., Mountain View, CA, USA) as previously described. 22, 38, 39 These parameters as well as LV + dP/dt max , as a measure of cardiac contractility and LV − dP/dt min , as a measure of relaxation, were recorded at baseline and after administration of the β-adrenergic receptor (βAR) agonist, isoproterenol (0.1-1,000 ng) as described. 22, 38, 39 Determination of LV area at risk and infarct size For the I/R model, infarct size was determined as previously described. 22 Briefly, at the end of a 72-hour reperfusion period, the ligature around the LAD was re-tied through the previous ligation site and 2% Evans blue dye was injected. The dye was circulated uniformly and distributed in the heart to areas perfused by the open coronary arteries. The heart was quickly excised, sliced, and the sections were then incubated in a 1% 2,3,5-triphenyltetrazolium chloride (TTC, Sigma) solution and then digitally photographed. The area not at risk (ANAR, Evan's blue-stained area), and the area at risk (AR, including both TTC-stained and TTC-negative staining area (infarcted tissue, I)) were measured using the computer-based image analyzer SigmaScan Pro 5.0 (SPSS Science, Chicago, IL, USA). Myocardial infarct size was expressed as a percentage of the AR (I/AR) and the AR was expressed as the percentage of total LV (AR/AR + ANAR).
For the MI model, at 4 weeks post-MI, hearts were quickly excised, and then sliced into 6 pieces. The sections were incubated in a 1% TTC solution and then digitally photographed. The length of infarction scar (TTC-negative stained section) and noninfarcted LV (TTCstained) were analyzed using the same software. Myocardial infarct size was expressed as a percentage of the length of scar to the circumference of the LV.
Determination of myocardial apoptosis (I/R protocol)
Myocardial apoptosis was determined as previously described with minor modifications. 22 Terminal deoxynucleotidyl-transferase mediated dUTP nick-end labeling (TUNEL) staining and caspase-3 activity assay were performed. For TUNEL staining, at the end of 3 hours of reperfusion, rats (n = 12 for the sham group, n = 15 for the vehicle group, n = 10 for the DA group, n = 7 for the IGF-1 group, and n = 7 for the IGF-1 + DA group) were anesthetized. Hearts were removed, perfused, and fixed with 4% paraformaldehyde and then stored at 4°C. The hearts were then embedded in paraffin and cut into 6-μm thickness sections. The sections were treated as instructed with an in situ Cell Death Detection kit (Roche Applied Science, 11 684 795 910, Indianapolis, IN, USA). Sections were also stained for troponin I (TnI) for assessing myocytes. Slides were covered with a glass cover slide applied with mounting media containing DAPI. The entire population was visualized under a fluorescence microscope with the DAPI filter (330-380 nm); the same population was also examined with an FITC filter (465-495 nm) and apoptotic cells with green fluorescence were counted under a high-power field; furthermore, myocytes were examined with a TRITC filter (545-565 nm). More than 5 fields in >3 different sections/animals in the infarction border zone were examined.
Cardiac caspase-3 activity was measured as previously described 22 by using a caspase colorimetric assay kit (Chemicon International, Inc., Temecula, CA, USA) following the manufacturer's instructions. Briefly, at the end of the 3-hour reperfusion period, rats (n = 7 for the sham group, n = 5 for the vehicle group, n = 6 for DA group, n = 6 for the IGF-1 group, and n = 5 for the IGF-1 + DA group) were anesthetized, hearts were removed, and stored at −80°C until analysis. The myocardial tissue was homogenized in ice-cold lysis buffer for 30 seconds using a tissue homogenizer. The homogenates were centrifuged for 5 minutes at 10,000 × g at 4°C, supernatants were collected, and protein concentrations were measured by the bicinchoninic acid method (Pierce Chemical, Rockford, IL, USA). To each well of a 96-well plate, supernatant containing 200 μg of protein was loaded and incubated with 25 μg Ac-DEVD-pNA as colorimetric-specific substrate at 37°C for 1.5 hours. The pNA was cleaved from DEVD by the caspase-3 and this free pNA was quantified using a SpectraMax-Plus microplate spectrophotometer (Molecular Devices, Sunnyvale, CA, USA) at 405 nm. Changes in caspase activity in the I/R tissue samples were calculated against the mean value of caspase activity in the sham tissue and expressed as pmol pNA/mg protein.
Determination of vessel density
Following 4 weeks of ischemia, rats (n = 6 for the sham group, n = 8 for the vehicle group, n = 7 for DA group, n = 7 for the IGF-1 group, and n = 5 for the IGF-1 + DA group) were anesthetized. Hearts were removed, perfused and fixed with 4% paraformaldehyde, and then stored at 4°C. The hearts were then embedded in paraffin and cut into 6-μm-thickness sections. Immunohistochemistry for von Willebrand factor (vWF; Dako Cytomation, A-0082) and hematoxylin counterstaining were performed. The number of vWF-positive vessels was then counted either at the border zone or at a remote area.
Measurement of hematocrit
Hematocrit was measured at sacrifice as described previously. 19, 20, 22 
Statistical analysis
All values in the text and figures are presented as mean ± SEM of independent experiments from given n-sizes. Statistical significance of multiple treatments was determined by oneway or two-way analysis of variance (ANOVA) followed by the Bonferroni post hoc test when appropriate. p values of <0.05 were considered significant.
Results
Ischemia-reperfusion model 1. Cardiac function is enhanced by the different pharmacological treatments-
Cardiac function was measured at 72 hours of reperfusion via cardiac catheterization. As shown in Figure 1 , no differences at baseline (Basal) were observed in either contractility (+dP/dt) and relaxation (−dP/dt) or in heart rate. Also, even if the LVEDP seemed higher in the vehicle group, no statistical difference was observed (p > 0.05). On the other hand, after β-adrenergic stimulation (isoproterenol administration), statistical differences in contractility and relaxation were observed. Following progressive doses of isoproterenol (10-1,000 ng), sham, IGF-1, DA, and IGF-1 + DA groups had significantly enhanced cardiac contractility ( Figure 1A ) compared to vehicle (p < 0.01) but were not different from each other, indicating a better contraction subsequent to the I/R injury. As for the relaxation ( Figure  1B) , the same differences between sham, IGF-1, DA, and IGF-1 + DA groups were observed. Indeed, relaxation was significantly enhanced compared to vehicle under isoproterenol challenge. Similarly, all treated groups were similar to sham. Importantly, no differences were noted in HR ( Figure 1C) either at baseline or under sympathetic stimulation. Taken together, these results demonstrate significant cardiac dysfunction at 72 hours of reperfusion in the vehicle group as assessed by hemodynamic measurements.
Infarction size is reduced by the different pharmacological treatments-To
evaluate the effect of IGF, DA, or a combination of these two drugs in the I/R model, we measured LV infarction sizes after 72 hours of reperfusion. As shown in Figure 2A , extensive damages (white region in the AR) are present in the vehicle group compared to sham or IGF-1, DA, and IGF-1 + DA groups. Infarction size was 30.2 ± 3.0% in the vehicle group and significantly reduced in all drug-treated groups to 15.8 ± 2.6% for the IGF-1 group, 11.2 ± 3.0% for the DA group, and 8.5 ± 2.6% for the IGF + DA group ( Figure 2B ). As expected, the sham group did not have any damages in the AR. Moreover, no difference was noted in the size of the AR, which represented approximately 40% of the LV among groups ( Figure 2C ). Taken together, these data indicate that the three drug regimens provide similar cardioprotection.
3. Apoptosis is reduced by the different pharmacological treatments-Two different methods were used to measure apoptosis. TUNEL staining was one of these and the infarct-border zone was studied. As shown in Figure 3A , no staining was observed in the sham group. In contrast, the vehicle group demonstrated extensive TUNEL staining. All pharmacological regimens led to a drastic and significant reduction in TUNEL staining, which is quantified in Figure 3 . Either IGF-1 and DA alone or the combination of IGF-1 and DA led to a significant reduction in the number of apoptotic nuclei (TUNEL positive cells) compared to the vehicle group. Moreover, no differences were observed between IGF-1, DA, and IGF-1 + DA groups. Consistent with TUNEL data, caspase-3 activity was significantly reduced in all drug-treated groups compared to vehicle.
Permanent occlusion model
1. Cardiac function is enhanced by the different pharmacological treatmentsEchocardiography was used as a noninvasive method to measure cardiac function 4 weeks after permanent coronary artery occlusion. As shown in Figure 4A , the vehicle group (b) exhibits severely impaired and akinetic anterior wall when compared to sham hearts (a). IGF-1 (c), DA (d), and IGF-1 + DA (e) groups demonstrate better wall movement in contrast to vehicle. Figure 4B and 4C shows LV ejection fraction (LVEF) and fractional shortening (LVFS), respectively. Vehicle-treated infarcted rats have significantly impaired cardiac function compared to sham. On the other hand, all drug treatments led to an improvement of both LVEF and LVFS compared to vehicle. These drug-treated groups are still showing significantly lower LVEF and LVFS compared to sham.
To further confirm the cardiac functional changes observed via echocardiogram, we measured hemodynamics at 4 weeks following coronary occlusion via cardiac catheterization. As shown in Figure 5 , no differences at baseline (Basal) were observed in contractility, relaxation, or heart rate. On the other hand, under sympathetic stimulation, statistical differences in contractility and relaxation were observed. Following isoproterenol challenge (all doses), sham animals demonstrated significantly enhanced cardiac contractility ( Figure 5A ) compared to vehicle (p < 0.05). Interestingly, IGF-1 did not lead to better contractility (p > 0.05) and was between the sham and vehicle values. On the other hand, DA and IGF-1 + DA treatments enhanced the +dP/dt significantly compared to vehicle. These two groups were also not different from sham. Cardiac relaxation, as measured by LV − dP/dt was severely impaired at baseline (Basal) and under β-adrenergic stimulation ( Figure 5B ). Similar to contractility, the IGF-1 group was not statistically different from the vehicle group and values were between vehicle and sham. Baseline values were similar to sham but different when stimulated with isoproterenol. However, DA and IGF-1 + DA treatments led to significant improvement of cardiac relaxation after isoproterenol stimulation.
Conversely, LVEDP was significantly higher in the vehicle group compared to all other groups (p > 0.05; Figure 5D ). Similarly, all treated groups were similar to sham. Importantly, no differences were noted in HR ( Figure 4C ) either at baseline or under sympathetic stimulation. Of note, all treatments were similar between each other (no statistical difference), IGF-1 being the treatment that led to the smallest (not significant) enhancement and DA and IGF-1 + DA leading to the strongest (significant) improvement of cardiac function. Figure 6A shows extensive damage (white, thin region) in the vehicle group compared to sham (no damage) or IGF-1, DA, and IGF-1 + DA groups. Infarction size was 40.7 ± 1.7% in the vehicle group and significantly reduced in all drugtreated groups to 30.3 ± 2.4% for the IGF-1 group, 28.2 ± 2.1% for the DA group, and 25.7 ± 3.3% for the IGF + DA group ( Figure 6B ). However, no differences were observed between IGF-1, DA, and IGF-1 + DA. Again, as expected, the sham group did not have any damages.
Infarction size and physiological parameters are reduced by the different pharmacological treatments-Infarction sizes were measured following 4 weeks of ischemia via TTC staining.
Heart weight-to-body weight (HW/BW) and lung weight-to-body weight (LW/BW) ratios were significantly enhanced in the vehicle compared to sham group. IGF-1, DA, and a combination of IGF-1 and DA administration led to a significant reduction of cardiac and lung mass compared to vehicle (p < 0.001). Moreover, it is interesting to note that these same ratios for the drug-treated groups were not different from the sham group. Thus, it is clear that IGF-1, DA, or a combination of IGF-1 and DA leads to cardioprotection and altered remodeling.
Vessel density is enhanced by the different pharmacological treatments-
Vessel density was assessed via von Willebrand factor (vWF) immunohistochemical stainings. This protein was chosen since small (new or old) capillaries and microcapillaries bear this protein 40, 41 whereas smooth-muscle actin does not on small vessels. Stainings were done following 4 weeks of coronary occlusion. Representative photographs of stained sections are shown in Figure 7A (infarct border-zone, anterior wall). As seen, vehicle (b), IGF-1 (c), DA (d), and a combination of both drugs (e) reveal more vessels than sham (a). Additionally, quantitative analysis has demonstrated that vehicle had more vessels in the anterior wall than sham, this being the result of the ischemic insult to the ventricle. Moreover, pharmacological treatments had a profound effect on the number of vessels in the infarct border zone ( Figure 7B ). Indeed, both drugs alone led to a significant enhancement of the number of vessels in that region. Also, DA led to even more vessels than IGF-1 alone. Furthermore, the combination of both drugs gave rise to a significantly higher number of vessels compared to either IGF-1 or DA alone, demonstrating the powerful synergistic effect of the combination of both drugs following 4 weeks of ischemia.
The nonischemic, remote septal wall was also analyzed. As seen in Figure 7C , sham and vehicle had similar vessel density. However, IGF-1 or DA treatment alone led to a significant increase of vessel number in the septal wall compared to vehicle or sham but being similar between each other. Most amazingly, simultaneous administration of IGF-1 and DA resulted in a higher number of vessels. Again, this effect is synergistic when compared to either drug alone. Taken together, these results suggest that either treatment with IGF-1 or DA leads to enhanced angiogenesis and vessel density in the infarcted myocardium, both around the infarct itself and in the nonischemic, remote area. Besides, simultaneous therapy with IGF-1 and DA enhances these processes synergistically.
Hematocrit (both models)
Hematocrit in both the I/R ( Figure 8A ) and permanent coronary occlusion ( Figure 8B ) models were significantly enhanced in the DA alone and IGF-1 + DA groups. On the other hand, hematrocrit levels were not changed in the sham, vehicle, or in the IGF-1 alone groups. DA being an hematopoietic drug, 21 higher hematrocrit levels are the result of the drug administration. It is important to note that this increase in hematocrit does not take place until 3 days after treatment with DA (data not shown). Thus, the cardioprotection seen is independent of a rise in hemoglobin since a reduction of infarct size is seen before this time period.
Discussion
In this study, we have demonstrated the cardioprotective properties of IGF-1 and DA, as well as the combination of both drugs. Several studies have investigated this cardioprotection by IGF-1 34, 36 or DA. [22] [23] [24] [25] [42] [43] [44] However, limited information has been provided regarding post-I/R or permanent coronary occlusion cardiac function, apoptosis, and angiogenesis, as well as the effect of the combination of these two drugs. We report that either IGF-1 or DA alone, as well as a combination of IGF-1 and DA, lead to cardioprotection, reducing infarct size and myocardial apoptosis, and enhancing cardiac function. A novel finding is that the combination of IGF-1 and DA leads to a synergistic effect on angiogenesis.
Like other growth factors, IGF-1 has been previously shown to be protective in I/R settings when administered before the ischemia or in early reperfusion with a dose as low as 1 μg per animal. 34, 36 We therefore based our experiment on these previous studies but modified the regimen to 1 μg/kg (or approximately 0.2-0.4 μg per animal). In both MI and I/R injury, infarct size was significantly reduced by the IGF-1 therapy and, consequently, we demonstrated that an even lower dose of IGF-1 as previously used could lead to cardioprotection. Similar to IGF-1, administration of the erythropoiesis-stimulating protein DA also imparts cardioprotection. Our group has already demonstrated the potent cardiac protection afforded by DA when given before the ischemia, at the ischemia, at the reperfusion, in early reperfusion, and even 24 hours after induction of reperfusion. 22 Similar to these results, LV infarct size was significantly reduced by administration of DA. Simultaneous administration of IGF-1 and DA also led to a significant lowering of the infarct size compared to vehicle; however, it was not different from the reduction in LV infarct size observed with either agent alone. This could be explained by the fact that both drugs lead to maximal infarct size reduction and cardioprotection with the dosage used. Perhaps lower doses could have been employed to generate intermediate infarction sizes by the drugs alone and IGF-1 and DA treatment may have produced a synergistic effect.
The smaller infarcts with IGF-1 and DA led to enhanced cardiac function. This was seen both after 3 days of reperfusion (I/R model) and more importantly after 4 weeks of coronary occlusion (MI model). Interestingly, cardiac contractility is only enhanced after isoproterenol administration and was similar to sham values when treated with cardioprotective regimens. This is explained by the fact that contractile reserve in response to β-adrenergic stimulation is preserved after IGF-1 and or DA treatments.
Apoptosis, a key modulator of reperfusion injury, 45, 46 was also reduced in our model of pharmacological cardioprotection. For IGF-1 and DA alone as well as with the combination of both agents, this was observed with both TUNEL staining and caspase-3 activity assay. IGF-1 has been shown previously to reduce apoptosis in I/R. 34, 36 Deficiency in that growth factor promotes apoptosis following myocardial infarction, 47 demonstrating the powerful effect of IGF-1 in modulating myocardial apoptosis. As well, DA has been shown to reduce apoptosis following I/R. 22, 23, 42, 43 Again, similar to the infarction limitation, the antiapoptotic effect seems to be maximal with either drug alone. Indeed, even if the combination of IGF-1 and DA did reduce apoptosis significantly compared to vehicle, this decrease was not different from the drugs alone.
Previous reports have demonstrated that IGF-1 is protective in the setting of permanent coronary occlusion. Li et al. 48 showed that overexpression of IGF-1 can prevent the deleterious remodeling following coronary occlusion, thus reducing ventricular dilation, loading, and hypertrophy. Matthews and collaborators 49 have also reported a beneficial effect of IGF-1 in an ovine model of heart failure where IGF-1 increased cardiac function.
DA has been shown to be protective in a similar model of permanent coronary occlusion. 24 This group reported that an early DA administration (just after the occlusion with and without weekly administration) leads to a reduced infarction. This infarction reduction was to the same extent as that seen in our study (approximately 25%). However, this group used a higher DA dose compared to our study (initially 40 μg/kg and 40 μg/kg every 3 weeks in Ref. 24 vs. 20 μg/kg and 10 μg/kg every week in our study). On the other hand, the same group showed that late administration of DA (3 weeks after occlusion) did not alter infarction size, 25 therefore demonstrating that timing of administration is critical for infarct size modulation.
Of interest, physiological parameters of heart failure (HW/BW and LW/BW ratios) were normalized by the IGF-1 and DA therapies. Indeed, the vehicle group had significant hypertrophy (higher HW/BW ratio) and index of failure (higher LW/BW ratio) compared to sham group. Drug treatments led to significant reduction of these two ratios, compared to vehicle, to values not different from sham. Consequently, these data indicate that pharmacological drug administration normalizes cardiac hypertrophy and heart failure and appears to protect against deleterious remodeling. This is probably due to powerful and acute cardioprotection as reduced infarcts do allow for a more viable myocardium, which can no doubt lead to this chronic improvement in cardiac function. An interesting novel finding of this study that could also lead to improved cardiac function and less LV remodeling was that both drugs enhanced apparent neoangiogenesis as measured by vessel number. Interestingly, the vehicle group also had a small but significant increase in vessel number in that area, probably due to infarct scarring, shrinking, and repair. In the remote area (septal wall), the drug therapies also led to increased vessel number with similar enhancement as observed in the infarct border-zone. Of note, a study by Duerr et al. 50 failed to show an increase of vessel density in the infarcted heart following coronary occlusion and 2 weeks of continuous IGF-1 administration via mini-pump implantation. This group used a dose higher than that used in our study (3 mg/kg/day) and they started the administration of the compound ≥24 hours after coronary occlusion, a time point where IGF-1 cannot impart myocardial protection (at least on infarct size). On the other hand, DA has been reported to enhance vessel density. 24, 25 Interestingly, they reported that this density was only "normalized" to sham values. In contrast, we observed enhanced vessel density in the DAtreated group compared to sham animals. Differences in drug regimen, timing of administration, and protocol could at least in part explain the discrepancies between our group and others. More studies would be needed to resolve these issues. However, our results clearly show that IGF-1, DA, and the combination of both drugs can lead to enhanced vessel density. One could expect these results because of the growth factor nature of both pharmacological compounds, therefore having angiogenic properties and enhancing vessel density following myocardial ischemia. Interestingly, the combination of both molecules induced a greater angiogenic response than either treatment alone and results with concurrent therapy were clearly synergistic. More vessels were present both in the infarct border zone and in the remote septal wall after dual therapy. These results could be explained by the fact that two known growth factors are being applied concurrently. Because they act on different receptor targets but activate similar downstream signaling (reviewed in Refs. [51] [52] [53] [54] , it would be possible that synergistic angiogenic effects and enhanced vessel density are observed compared to either drug alone.
One potential mechanism for enhanced cardiac function that may go beyond limitation of infarct size is the stimulation of cardiac regeneration via resident or circulation and homing of stem cells. We did not test this possibility in our models and this represents one limitation of our study. IGF-1 has been reported to activate DNA synthesis in vitro. 55 Moreover, IGF-1 overexpression in mice increases cardiac stem cell division, delays senescence, and preserves the functional reservoir of these cells. 56 As for DA, it has been shown to promote circulation of progenitor cells. 25 Thus, we cannot exclude the fact that the endothelium and myocardium could have been regenerated and that enhanced vessel density is a direct or indirect result of stem cell stimulation and differentiation.
Conclusion
Results indicate that simultaneous pharmacological treatments with IGF-1 and DA protect the heart in models of I/R and permanent coronary occlusion. This protection results in reduced infarct size and improved cardiac function via reduced apoptosis and a more viable myocardium. Of interest is the finding that IGF-1 and DA together lead to a significant effect on angiogenesis in the ischemic heart.
Clinical perspective
In the present study, we have shown that pharmacological therapies using IGF-1 and DA are beneficial for the reperfused myocardium and the failing heart. Previous studies have shown that these compounds alone can protect the myocardium but limited information is available concerning simultaneous administration of these (or any other) compounds. As reported, concurrent administration of IGF-1 and DA led to synergistic effects regarding angiogenesis. Of note, IGF-1 effect on the ischemic heart was more modest compared to DA regarding the improvement in cardiac function. However, a combination of these two peptides was beneficial and improved the function of the reperfused and ischemic hearts.
One should consider the combination of cardioprotective drugs for future studies. Indeed, limited protection might be provided with one drug, but the combination of two different compounds aiming at similar or completely different targets might lead to significantly enhanced heart function improvement in comparison with only one compound. Combinatory therapy is therefore of great clinical interest to ultimately improve the morbidity and mortality of patients suffering from ischemic heart disease.
Overall, this study provides us with clear evidence that pharmacological compounds concurrent to either reperfusion therapy or classic heart failure treatment could be used, leading to beneficial outcomes in patients with myocardial infarction. 
